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Orbital effects of in-plane magnetic fields probed by mesoscopic conductance fluctuations
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We use the high sensitivity to magnetic flux of mesoscopic conductance fluctuations in large quantum dots
to investigate changes in the two-dimensional electron dispersion caused by an in-plane magnetic field. In
particular, changes in effective mass and the breaking of momentum reversal symmetry in the electron disper-
sion are extracted quantitatively from correlations of conductance fluctuations. New theory is presented, and
good agreement between theory and experiment is found.
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A simplified view of transport in a planar two- pling of bilayer systems, and diamagnetic shifts causeB by

dimensional conductor, as formed for instance by a semicorhave also been observed using cyclotron resonance
ductor heterostructure, suggests that when only the lowedechniques, magnetoresistance measureméfits, and
quantized subband is occupied, an in-plane magnetic fieltinneling:* as well as optical spectroscotfyRelated inves-
couples only to the electron spin, allowing the influence oftigations based on quantum dot weak localizatiaere only

an applied magnetic field to be separated into spin and ogensitive to the breaking of TRS by a parallel field. Here, by
bital parts. However, the emerging picture of quantum transtsing the full CF correlations, the effect & on the full

port in parallel fields 2 has turned out to be surprisingly €lectron dispersion is investigated, and the various contribu-
rich, indicating that even modest paralléle., in-plang  tions are distinguished.

fields can have significant orbital coupling, break time- Two quantum dots, with area&=8 um? and 3 unv,
reversal symmetry, and generate mesoscopic conductangeade on the same wafer, were measured and showed similar
fluctuations with field-dependent correlations—even withoutoehavior. Data from the gm? dot (see Fig. 3, insgtwill be

and time-reversal symmetiffRS) to examine in detail the
orbital effects of an in-plane magnetic fiel,, in a quasi-
ballistic quantum dot formed in a GaAs/AlGaAs two-
dimensional(2D) electron gas(2DEG). Quantitative com-
parison of experiment and theory developed here allows the
effects of B| on the electron dispersion in a planar 2DEG,
including an anisotropic effective mass and a breaking of
TRS (in spatially asymmetric confinement potentjai® be
distinguished using various correlation functions of CF’s. Ef-
fects of nonplanarity of the 2DEG are also included in the
theory, and have distinguishable signatures in the CF corre-
lations. The significance of the present work is to demon-
strate experimentally that the effects of an in-plane field go
far beyond Zeeman coupling, baannotbe characterized in
terms of simple flux threading through the finite thickness of
a 2D electron layer. Also, this study shows that phase coher-
ent CF's can be used as a sensitive quantitative tool, much as

Spin_orbit Coup“ng or Occupation of h|gher subbands. presented in detail. The dots are formed by lateral Cr-Au
In this communication, we use the high sensitivity of me- B, (M shape (V)
soscopic conductance fluctuatiofGF's) to magnetic flux 2 1 0
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Effects of parallel fields on quantum transport have been (M 89 (e/h)
investigated in 2D systems, including metal filfhsjlicon FIG. 1. (Colon Conductance fluctuationssg(By,B, ,V)

MQSFET'S_? and GaAs/AlGaAs 2DEG"/ as well as in bal-  —g(B,,B,,V)—(g(B.B, ,V))y (color scale through an &um?
listic focusing geometrie$Those results were mostly inter- dot with one fully transmitting channel in each lead measured at 0.3
preted in terms of flux threading due to finite thickness in thek with (a) shape-gate voltag¥'=—515 mV, (b) By=0 and (c)
confined direction, surface roughness, or deformation of th@, =0, obtained from 2D slices of the three-dimensional CF pat-
Fermi circle due to the field. Subband depopulation, decoutern, as indicated iid).
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depletion gates defined by electron-beam lithography on thea) o (B=22T) - b;(B=0T) bi(B=0T) v(B=0T)
surface of GaAs/AlGaAs heterostructures grown in[(B@d] 10 : c ] C ;

direction. The 2DEG interface is 900 A below the wafer % o b
surface, comprising a 100 A GaAs cap layer and a 800 A ¢ o.s} +

Aly 3.Ga gdAs layer with a 400 A Si doped layer set back /hﬁ% i
400 A from the 2DEG. An electron density afi=2 0.0 ! o000 %

X 10'° m? and bulk mobility u~14 nf/Vs (cooled in the oo o T Te o0 o7 s e o
dark gives a tranqurt mean free path~1 p m. Note that by (T) b, (mT) v (mV)
the 8 um? dot contains of the order of fGlectrons. b) P Te0

Measurements were made irflde cryostat at 0.3 K using 5t Tz/ bl‘l’ theory
current bias of 1 nA at 338 Hz. Shape-distorting gates were 08 17! -
used to obtain ensembles of statistically independent conduc
tance measuremenitdyhile the point contacts were actively
held at one fully transmitting mode eacN€ 2). In order to
apply tesla-scald; while maintaining subgauss control of o
B, , we mount the sample with the 2DEG aligned to the axis 2 o.4}
of the primary solenoidaccurate to~1°) and use an inde-
pendent split-coil magnet attached to the cryostat to provide
B, .1* The Hall effect measured in a separate GaAs Hall bar } 10
mounted next to the quantum dot, as well as the location of T Ve
weak localization minima in transport through the dot itself ;L | P P
(visible B=2 T) were used to determine the offsetBn 2 v 0 Y o
(i.e. the residual sample tijtwhich was then corrected by B, (M
computer control of the two independent magnets.

The raw data consist of measured dot conductance FIG. 2. (8 Correlation functionstH at Bj=0, 2.2 T (open
g(B“ ,B, ,V) as a function of shape-distorting gate voltage circles, squargsas well asti (open diamondsand C, (open
(inner loop of multiparameter swegp$, , and By (outer  triangleg at Bj=0. Half width at half maximum values give the
loop, swept from—2.5 T to+4 T over~20 h), giving 20  characteristic voltage® and fieldsb? andbj, shown in(b) (solid
independent shape, 15 independBnt, and about 10 inde- circles as a function oB. Markers in(b) refer to corresponding
pendentB; samples. Conductance fluctuations are foundcurves in(a). The solid curve shows the three-parameter theory. A
by subtracting the gate-voltage averaged conductance ovfpical error bar is indicated. Insetg(x) andf(x) used for fits(see
the measured range, 59(By.B, ,V)=g(B.B, V) text) as obt_ained from_ numerical simula_tio(splid curveg as well
_<g(BH B, V))y. as quadratic and cubic low-field approximati@ashed curvegs

Figure 1 shows 2D slices of conductance fluctuations in
the full 3D space 0B, B, , andV. Note that because gate-
voltage-averaged conductance is subtracted from the fluctu
tions, weak localization effects dig) are not evident in Fig.

08[ 10 ] 140 o

c

~—
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To quantify the correlations of the various parameters
ysed to generate CF's—including in particuBf—we de-
fine the normalized correlation functions,

1. A principal result is already evident in Fig. 1: The hori-

zontally elongated features aroufi}| ~0 in Fig. 1(c) show C,(B))= (59(By.V) ig(B” Vo)) , (1)
qualitatively that CF’s are less sensitiveBg in the vicinity (59%(By))

of [Bj|~0, giving a larger correlation field neaB|~0,

than at larger parallel fields. This elongation, demonstrating C, (B))= (69(By.B,)59(By.B, +b,)) )
reduced flux sensitivity negB|~0, is consistent with the b, V= (59%(B))) '

B dependent effective mass and momentum reversal sym-

metry breaking terms of our theory. Effects of nonplanarity (69(By) 69(Bj+by))

alone would result in @ independent correlation field. A Cp (B)) = )

quantitative analysis is presented in Fig. 2. V(89°(B)))(89°(B +by))
The 2D slices in Fig. 1 also illustrate the fundamentalwhere(---) is shorthand fox - - '>V’By i.e., averaging over

symmetries of conductance with respect to magnetic fieldg i, gate voltage anBl, , with B, sufficiently large to fully

By andB, : whenB;=0, conductance is symmetric under preak TRS throughout the measured range.

inversion of B, , g(B,)=9g(—B,) [see Fig. )]; when Theoretical expressions for the correlation functions in

B, =0, conductance is symmetric under inversionByf,  Eqs. (1)-(3) can be found using the effective 2D Hamil-
9(Bj)=9(—By) [see Fig. Lc)]. When bothB| andB, are  tgpjan,

nonzero, the symmetry of conductance requires the reversal ,

of both fields,g(B|,B,)=9(—B,—B,) [see Fig. 18)]."° - p 5 s

The fact that a nonzerB; breaks the symmetrg(B,)=g Hop =5 =P y(B))+pLB(B))+u(r), 4)

(—By) is a simple qualitative demonstration thaj R

breaks TRS. A quantitative analysis of this effect is pre- for electrons confined to a plane perpendiculaztbHere,
sented in Fig. 3. p=—iAV—elcA,p, with rotA,p=B, , is the 2D momen-
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with g= —0.44 for GaAs. The difference between the high-
and low-temperature regimes is caused by the necessity to
average the interference contributions coming from electrons
at different energies. For parallel fields wigg<3KkT, ap-
propriate for the present measurements, the deviation of Eq.
(5) from the full expression is negligibfé.

The additional escape ratg‘l due toB) is given by

4

_ p
T4 l(BH,bH)Z%[Y(Bu)—v(BHﬂLbn)]z
e[ B(B) —B(B+b)]? %pE ,
T en? 2 57 o
(6)

wherer=um*/e is the elastic scattering time in a diffusive
dot or the crossing time=m*L/pg in a ballistic device,
wherelL is the diameter of the device apg =% (2wn)Y? is
—E the Fermi momentum. Thé term describes effects of non-

ﬁ:lz*‘m - theory planarity, including interface roughness and dopant inhomo-
i J geneities, and also breaks TRS.

Writing the functionsy(x) andB(x) in Eq. (6) in terms of
L : scale factorsy and B and normalized functiong(x) and
By +by (T f(x) as y(x)=vyg(x) and B(x)=Bf(x), we findg(x) and
f(x) from self-consistent simulations of the heterostructure
and treaty and B as fit parameters. Below- 2 T , the

_ B, =14T

I

FIG. 3. Top: Cross-correlations of CF's &(, B, ) with CF's at

(-By, —B,) (C__, crosses (—By, B,) (C_,, squaresand . . -
(BHrH_BL) L(C+7, triangles as a” funetion o?BH. Landauer. MOrMalized functions are well approximated pyx)~x>

Bittiker (LB) symmetry for full field reversal givec —1  andf()=x’ [see Fig. D), insetd; however, the full func-
(Dashed ling Below: Correlation functiong:bH(BH) atB=0, 0.6, tions are uscid for f" comparison of theory and experiment.
1, 1.4 T. Solid curves show theory based on Ex). Typical error ~ We note thaty and 8 can also be obtained from the hetero-
bars as indicated. structure simulations, giving values in reasonable agreement
with those obtained from the fits.

Figure Za) shows experimental correlation functions,
Cbu’ Cp,. andC, , for representative parallel fields, as indi-

cated. The corresponding characteristic voltaf@nd fields
bj andbf are shown in Fig. @) as a function ofg, as
obtained from the half width at half maximufHWHM)

tum operator in the plane, with componept =p-[Bj
X fz]/B|| perpendicular tdB;, andu(r) is the impurity and
dot confining potential. The middle terms ki, arise from
p, -dependent subband mixing: thg(Bj) term lifts rota-

tional symmetry W'th an anisotropic mass enhance?rielunt. values of the correlation functions, indicated by dashed lines
does not break TRS; the(B) arises from the broken spatial . . ) ) X c .

) . ) .In Fig. 2(a). It is evident from Fig. gb) that bothb| andv
inversion symmetry of the heterointerface and breaks TRS I%re independent of ithin the error bars. in agreement
presence 0B . Indep pwithi » 1N ag

Extending the analysis of Ref. 1 to higher temperatureWith theory and previous experimerifs(An alternative pro-

yields a correlation between conductance fluctuation8at fﬁglsjlrg’ QSIO?Tngnb\fISére;tggg%fthce:g S?erlr:ji glijrﬁirl]g?\e/zlgg;n
and atB;+by of the form P g-p P Y

for v¢ and bﬁ that are again independent Bf, within error

bars)

-1 a

Cy(B)=| 1+ 7a (By.by) 5 In contrast, the parallel field correlation lenghtj, shown
b,(B}) — : (O . . :
I Tose in Fig. 2(b) decreases substantially from its zero-field value

on a field scale of~1 T. Good agreement with theory is
in the unitary ensemble, whe ’SlczNA/h is the escape rate found: the solid curve in Fig.(®) is the best-fit(described
from the dot, withA = 27r4.%/m* A the mean level spacing of below) theoretical HWHM correlation field foCbH(B”) ob-
the corresponding closed déeffective electron mass”*  tained from Eq.(5). This decrease is due to the and 3
=0.067m,), 74" is an additional escape rate due to orbitalterms in Eq.(6) and cannot be accounted for with théerm
effects ofB|, as discussed below. The exponenequals  alone.
—1 in the high-temperature limkT> (& Tgslc,ﬁrgl €7), Symmetries of conductance in parallel and perpendicular
applicable in the present experiment, an@ in the low- fields are investigated in Fig. 3. We define the cross-
temperature limit, where,=gugB is the Zeeman energy, correlation functions
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(69(By,B,)dsg(=By,=£B,))
V(692(B|,B,))(89%(+ B, £B,))

With this definition, the first(secondl subscript index ofC
refers to whetheB(B,) is reversed when computing the
correlation function. Correlations for total field reversal,
C__ (i.e., bothB| andB, inverted remain near unity for all
parallel fields, as expected from the full Landaueti&er
(Onsager symmetry[see Fig. 8)]. Deviations from a per-
fect correlationC__=1 are small, indicating that the con-
fining potential of the dot did not drift significantly over
periods of a day. Figure(8 also shows conductance fluc-
tuations at B;,B,) and B;,—B,) (C, ) become uncorre-
lated (C._~0) at parallel fields of a few tesla, indicating
the field scale at whiclB; breaks TRS. Within error bars,
C_., is indistinguishable fromC,_, as expected from
Landauer-Bttiker ~ symmetry, 6g(—Bj,B,)=49(By,
—B,). The theoretical cross-correlation using E),
shown as a solid curve in Fig(a&, is in very good agree-
ment with experimental data.

Finally, we discuss the full correlatioﬁ;bH(B”), of CF’s

at By with CF's at Bj+bj. Representative curves fds

()

Cii(BH):
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those in Fig. 3, ranging over 2.5 T<Bj<4 T. We empha-
size thatall theory curves shown in Fig. 2 and Fig. 3 used
this single set of three fit parameters and were not individu-

ally fit. The values obtained in this way Weﬁaz 11+2
X104 m* ] 1T72, B=4x4x10 [m*pe] T3, and¢
=44+8x10 3[pe] 1T, consistent within the error bars
with values extracted for the Am? dot. We note that pa-

rametersB and ¢ obtained from the parallel-field-induced
crossover from the orthogonal to the unitary ensefmhre

in good agreement. The self-consistent simulations give
theoretical values of y=35x10"4m*]~'T"2, B=3
X104 m*pe] T3,

In summary, orbital effects of an in-plane magnetic field
B were experimentally investigated using the high sensitiv-
ity of CF’s to magnetic flux in a large quasiballistic quantum
dot. Detailed quantitative comparison of correlations of CF’s
induced byB with theory developed here reveal the mecha-
nisms of coupling, including an induced anisotropic effective
mass, the breaking of time-reversal symmetry due to the het-
erostructure asymmetry and effects of nonplanarity. In the
present experiment, spin-orbit coupling is weak. On the other

=0, 0.6, 1, 1.4 T are shown in the lower part of Fig. 3 as ahand, the combined influence of stronger spin-orbit

function of B+ by, along with best-fit theory curves based
on Eq.(5). Besides the perfect correlation lat=0 (CbH:O
=1), there is an “echo” of correlations, both in experiment
and theory, which occurs d&~ —2B;. Within the present
theory, this field-reversed correlation ecr(szH, is sup-

coupling and parallel fields is expected to yield interesting
additional features in the correlations and symmetries of
CF's® These remain to be investigated experimentally.
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